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In the present paper an assessment of experimental and theoretical data on the structure
and molecular vibrations of all the LnX3 lanthanide trihalides (X5F,Cl,Br,I) is pre-
sented. Our review includes 114 references to recent advanced studies. These data facili-
tated the confirmation of previously suggested trends in the molecular properties of the
title compounds and a reliable estimation of the data of less-studied LnX3 molecules. On
the basis of the collected data, a comparative analysis of the experimental and computa-
tional results has been performed. This served to assess the capabilities of recent theo-
retical methods for the above molecular properties. ©2004 American Institute of Phys-
ics. @DOI: 10.1063/1.1595651#

Key words: lanthanide trihalides, molecular geometry, molecular vibrations, quantum chemical calculations.
8

8

0

8
90

1

2

4

2

ry
tic
ics

ma
Contents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2. Methods for Structural Studies of LnX3

Compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.1. Gas Electron Diffraction~ED!. . . . . . . . . . . . . 378
2.2. Vibrational Spectroscopy. . . . . . . . . . . . . . . . . 379
2.3. Quantum Chemical Computations. . . . . . . . . . 379

3. Geometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.1. Experimental Studies. . . . . . . . . . . . . . . . . . . . 380
3.2. Theoretical Studies. . . . . . . . . . . . . . . . . . . . . . 383
3.3. Assessment of the Ln–X Bond Distances. . . . 3
3.4. Assessment of the X–Ln–X Bond Angles. . . 3

4. Vibrational Frequencies.. . . . . . . . . . . . . . . . . . . . . 392
4.1. Experimental Data. . . . . . . . . . . . . . . . . . . . . . . 392
4.2. Theoretical Data. . . . . . . . . . . . . . . . . . . . . . . . 393
4.3. Fundamental Frequencies of LnCl3

Compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . 393
4.4. Fundamental Frequencies of LnF3

Compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . 396
4.5. Fundamental Frequencies of LnBr3 and LnI3

Compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . 397
5. Structural and Vibrational Properties of the

Ln2X6 Dimers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 399
6. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
7. Acknowledgments. . . . . . . . . . . . . . . . . . . . . . . . . . 402
8. Appendix: Abbreviations and Symbols. . . . . . . . . . 402
9. References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

a!Permanent address: Research Group for Technical Analytical Chemist
the Hungarian Academy of Sciences, Institute of General and Analy
Chemistry, Budapest University of Technology and Econom
H-1521 Budapest, Hungary.

b!Author to whom correspondence should be addressed; electronic
konings@itu.fzk.de
© 2004 American Institute of Physics.
0047-2689Õ2004Õ33„1…Õ377Õ28Õ$39.00 377
8

List of Tables
1. Structural parameters and vibrational frequencies

of the lanthanide trifluorides. . . . . . . . . . . . . . . . . . 381
2. Structural parameters and vibrational frequencies

of the lanthanide trichlorides. . . . . . . . . . . . . . . . . . 38
3. Structural parameters and vibrational frequencies

of the lanthanide tribromides. . . . . . . . . . . . . . . . . . 387
4. Structural parameters and vibrational frequencies

of the lanthanide triiodides. . . . . . . . . . . . . . . . . . . 389
5. Recommended Ln–X equilibrium bond

distances. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 390
6. Average deviation from the equilibrium Ln–X

bond distances. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 391
7. Recommended X–Ln–X equilibrium bond

angles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
8. RMS deviations of the computed frequencies

from the recommended ‘‘gas-phase’’ values. . . . . 398
9. Experimental and recommended ‘‘gas-phase’’

frequencies of LnCl3 compounds.. . . . . . . . . . . . . 398
10. Recommended ‘‘gas-phase’’ frequencies of LnF3

compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 399
11. Experimental and recommended ‘‘gas-phase’’

frequencies of LnBr3 compounds. .. . . . . . . . . . . . 399
12. Experimental and recommended ‘‘gas-phase’’

frequencies of LnI3 compounds. . . . . . . . . . . . . . . . 399
13. Experimental and computed geometrical

parameters of Ln2X6 dimers. . . . . . . . . . . . . . . . . . 400
14. Comparison of experimental and computed IR

frequencies of selected Ln2X6 compounds. . . . . . . 401

List of Figures
1. Experimental and selected computed bond

distances of LnX3 compounds.. . . . . . . . . . . . . . . . 391
2. Experimental and selected computed vibrational

frequencies of LnCl3 compounds.. . . . . . . . . . . . . 394
3. Experimental and selected computed vibrational

frequencies of LnF3 compounds. . . . . . . . . . . . . . . 395
4. Experimental and selected computed vibrational

of
al
,

il:
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004



ic
he
ad
d

ra
e

th
en
io
o
e

ed

er
nic
m
ca
e

el
uc

o

n
te
te

a
g
x
o
ne
ze
om
b

bl
r-
s
e
o

de
ra

eo-

, in
dies,
ed.
t re-
ra-
r in

al

ete
ge-
fo-
un-

the
the-

of
tan-
ata
for

n of
ence
uld

ruc-
est
try
l
at-
.
r,
ddi-

m-
la-
ol-
ing
the
ably

of
ller

s
f the
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1. Introduction

Knowledge of the molecular parameters of polyatom
gaseous species is essential for the calculation of their t
modynamic functions. Such calculations are generally m
for the ideal gas state using standard statistical thermo
namic equations1 that relate the heat capacity~and hence the
entropy and enthalpy! to the molecular partition functionQ.
This function is composed of translation, electronic, vib
tion and rotation components, which can be treated indep
dently ~Born–Oppenheimer approximation!. The translation
component is calculated from the molecular weight of
molecule, the electronic component from the molecular
ergy levels, which are often derived from the free metal
levels. The rotation component is calculated from the m
ment of inertia of the molecule, which is derived from th
molecular structure; the vibration contribution is deriv
from the fundamental frequencies of the molecule.

Such an approach is applied in the NIST–JANAF Th
mochemical Tables for many inorganic and orga
compounds.2 These tables do not include the lanthanide co
pounds, which have found interesting technologi
applications.3,4 The trihalides are of particular interest in th
nuclear5 and lighting industry,6 which involve high-
temperature processes that can be represented adequat
thermochemical models to design and optimize new prod
and technological routes. The thermodynamic functions
the gaseous lanthanide trihalides (LnX3) were calculated
systematically by Myers and Graves7 in 1977 and this work
is still the most frequently cited reference. The calculatio
were mainly based on structural and vibrational parame
estimated empirically, as experimental data were very limi
at that time.

In the past decade the structure and vibrational spectr
lanthanide trihalides have been studied extensively leadin
a wealth of new information. Development in both the e
perimental and theoretical methods resulted in data of c
siderably improved accuracy with respect to those obtai
before. Many early experimental data have been reanaly
and several computations have been performed on s
‘‘popular’’ LnX 3 species. As a consequence, a considera
amount of structural and vibrational data is now availa
facilitating: ~i! an evaluation of trends in the various prope
ties and estimation of the missing data of the non- or le
investigated molecules as well as~ii ! the assessment of th
strengths and weaknesses of current computational meth

Compilations of the geometrical properties of LnX3 ha-
lides have been included in several reviews on metal hali
A comprehensive collection of the experimental structu
data is included in Volume II/25 of the Landolt–Bo¨rnstein
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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series8 in 1998 whereas the experimental and selected th
retical results have been reviewed in 2000 by Hargittai.9 The
latter review focused on the well-defined experimentalr g

parameters of thermally averaged structures. However
several cases, e.g., in thermodynamic and theoretical stu
the equilibrium geometrical parameters would be requir
On the other hand, a comprehensive summary of recen
sults on the vibrational properties is not available. The vib
tional frequencies of some lanthanide trihalides appea
compilations of Papatheodorou~198310 and 199611! and in
that of Zasorin~198912! based on the early experiment
studies.

The goal of the present paper is to provide a compl
collection of reliable experimental data on the molecular
ometry and molecular vibrations of lanthanide trihalides
cussing on the equilibrium geometrical parameters and
perturbed ~gas-phase! molecular vibrations. The
experimental data are critically analyzed and trends in
various properties are evaluated. We compile all recent
oretical results on the structural and vibrational properties
LnX3 compounds and assess the capabilities of current s
dard theoretical methods. On the basis of the collected d
and evaluated trends we provide ‘‘recommended values’’
geometrical and vibrational parameters of the LnX3 mol-
ecules. This data set is recommended for the calculatio
the thermodynamic properties and is suggested as refer
for theoretical computations. Furthermore, our study sho
provide a guide for new experimental measurements.

2. Methods for Structural Studies
of LnX 3 Compounds

2.1. Gas Electron Diffraction „ED…

Among the experimental techniques for gas-phase st
ture determination the electron diffraction method is the b
suited for lanthanide trihalides. Due to the high symme
~pyramidalC3v or planarD3h) of these molecules their radia
distribution curves contain only two peaks which can be
tributed to the Ln–X and X̄ X intramolecular distances
This would imply a straightforward interpretation. Howeve
the accuracy of the ED results depends also on a few a
tional factors.9

~i! High-temperature effects: The high vaporization te
peratures of LnX3 compounds lead to an enhanced popu
tion of the higher vibrational states of these floppy m
ecules, especially those of the low-frequency bend
fundamentals. Due to the large vibrational amplitudes
measured thermal-average geometry may differ consider
from the equilibrium one. The best-known consequence
thermal vibrations is the shrinkage effect leading to sma
bond angles.13 In the case of a planar MX3 molecule this
indicates erroneously a pyramidal structure.

~ii ! Anharmonicity of molecular vibrations: This factor ha
been often neglected in the past. The disadvantages o
harmonic model have been discussed in the literature9,14 and
it is difficult to quantify the effects.
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379379STRUCTURE AND VIBRATIONS OF LANTHANIDE TRIHALIDES
~iii ! Dimers: Dimers can be present in the vapor of Ln3

compounds up to 20%.9,15–20 Some of their Ln̄ X and
X¯X distances are close to those of the monomers resu
in a complex scattering pattern in the experiment. Ignor
the dimer content in the data analysis generally leads to o
estimation of the Ln–X bond distances and underestima
of the X–Ln–X angles. The dimers are discussed in Sec

In recent years considerable progress in the ED techn
could be observed, particularly by introduction of auxilia
results in the structure analysis. Mass spectrometric meas
ments under similar experimental conditions can help
identifying the species present in the vapor.19–21 Advanced
quantum chemical computations can give information on
differences of bond lengths of the target and other rela
species present in the vapor as well as on the bending
puckering potential curves of these molecules. By mean
the potential function the thermal average structure can
described by a series of model conformers in a so-ca
‘‘dynamic analysis’’ solving the problem of large amplitud
vibrations. Spectroscopic~SP! experiments aid the electro
diffraction analysis by providing accurate vibrational data
calculation of vibrational amplitudes. In order to determi
the equilibrium geometrical parameters, a joint ED/
method has been developed for a few simple molec
types.22–24 Presently, such advanced ED studies of Ln3

compounds are in progress by Professor Girichev at
Ivanovo State University, by Professor Ezhov at the Uni
Institute of High Temperatures~Russia!, and by Professor
Hargittai at the Eo¨tvös University~Hungary!.

In the forthcoming discussion the following types of ge
metrical parameters will be used: The distance between e
librium nuclear positions, ‘‘r e,’’ corresponding to the mini-
mum of the potential energy surface. It is the result of a
non-constrained quantum chemical geometry optimizat
The thermal average internuclear distance, ‘‘r g ,’’ is the dis-
tance averaged over molecular vibrations. The final result
ED analysis generally refer to this quantity.

2.2. Vibrational Spectroscopy

Infrared ~IR! and Raman spectroscopy are the prima
tools for determination of the fundamental frequencies
molecules. They can be applied to gas-phase and ma
isolated~MI ! species. Because the selection rules are dif
ent for theC3v andD3h symmetries~cf. Sec. 4.1!, vibrational
spectroscopy can also give information on the molecu
symmetry. This property is important in the calculation of t
entropy, as the symmetry number is different for the t
types: 3 and 6 forC3v andD3h, respectively.

Because of the extremely high evaporation temperatu
gas-phase studies on LnX3 compounds need specially de
vised equipment. The most crucial factors are the hi
temperature gas-cell and the sensitivity in the lo
wavenumber range. Early studies prior the Four
transform-infrared~FT-IR! technique25,26 suffered especially
from the latter limitation. Recently, gas-phase FT-IR me
surements on selected LnX3 compounds have been pe
g
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formed down to 25 cm21.27–30 They provided the first~and
hitherto only! gas-phase experimental information on t
low-wavenumber bending fundamentals of lanthanide tri
lides. For a few compounds the FT-IR studies have b
extended with Raman experiments on the matrix-isola
species giving unambiguous experimental data on then1

fundamentals.30,31

The interpretation of the experimental vibrational spect
however, is not free from difficulties. The high temperatur
result in extensively broadened bands in the gas-phase s
tra due to the considerably populated higher rotational
vibrational levels. The superposition of the complex ro
tional envelope with hot bands makes the localization of
band origin uncertain and the identification of the weakn1

band near the intense asymmetric stretching (n3) band am-
biguous. Another effect of the broadening can be the ma
ing of weak fundamental bands by the noise and an uncer
determination of the bending frequencies near the lo
detection limit of the spectrometers. MI spectroscopy
made at very low temperatures giving sharp bands. T
technique has, however, the problem of matrix-shifts a
splitting effects and possible changes in the molecular s
metry due to ion-induced-dipole interactions with th
matrix.32 Additionally, the ‘‘cage effect’’ of the matrix should
be noted: under MI conditions the formation of dimers
enhanced whereas these could not be detected in the
phase IR spectra of any LnX3 compound.

2.3. Quantum Chemical Computations

During the past decade, computations have become
sible for a large group of chemical compounds. The progr
is due to the revolutionary increase in the technical perf
mance, the release~and continuous improvement! of user-
friendly software packages and the development of n
computational methods, like density functional theo
~DFT!. With these increased capabilities, computatio
chemistry has become an alternative for experimental te
niques in several fields of chemistry. Theoretical methods
especially attractive for systems that are difficult to prep
and have too low vapor pressures or limited stability
experimental investigations.

The theoretical background of quantum chemical calcu
tions on lanthanide systems has been discussed in deta
Dolg.33,34 In the following we focus on some general point

In the computation of heavy metal halides the key s
was the evaluation of relativistic effective core potentia
~ECPs!. They have the advantage of the reduced basis
size by treating the chemically inert core electrons by
simple potential and incorporating the~for this class of com-
pounds! indispensable relativistic effects. The followin
ECPs have found application in the structural studies of l
thanide trihalides:

~i! The energy-consistent quasirelativistic ECPs of Do
et al.35,36 with contracted@5s4p3d# valence basis sets fo
the lanthanides. These potentials~denoted as ECPD in the
following! are available for the complete lanthanide ser
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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380380 A. KOVÁ CS AND R. J. M. KONINGS
and include thef electrons in the core. This approximation
reasoned by the fact, that the 4f orbitals of the Ln~III ! ions
are located well below the valence shell with radial maxi
at around 50 pm.~The tail of the 4f orbitals beyond 200 pm
can be important in terms of spectroscopic and magn
properties, but is considered to be insignificant as far as
curately predicting geometries.37! The advantage of ECPD

from a technical point of view is that the lanthanide trih
lides can be treated as closed-shell systems which is com
tationally less demanding. It should be noted that there
new small core lanthanide ECPs of the Stuttgart group
cluding the 4f electrons in the valence basis.38–41 These
ECPs, however, have not found application in LnX3 struc-
tural research hitherto.

~ii ! The relativistic ECPs of Stevenset al.37 (ECPS) in-
clude thef electrons in the valence shell. The valence ba
has the contraction scheme of@4s4p3d# for La,42 while
@4s4p2d2 f # for the other lanthanides.37 Except for LaX3

and LuX3 the lanthanide trihalides are open-shell systems
terms of ECPS leading to technical difficulties when usin
less-suited programs.

~iii ! The relativistic ECP of Hay and Wadt43 (ECPHW) is
available only for lanthanum among the lanthanides wh
limited its application. The@3s3p2d# contracted valence ba
sis set is relatively small, but gave results comparable
those of ECPD and ECPS.

In addition to ECPs, the relativistic effects can be tak
into account directly in the computations. Among such co
the Amsterdam Density Functional~ADF! package44 has
found application in LnX3 research.45 It contains the relativ-
istic Dirac–Slater method coupled to various DFT functio
als. The all-electron basis sets of ADF~up to polarized
quadruple-zeta quality! consist of Slater functions.46

Another important factor in the computation of metal h
lides is the proper treatment of electron correlation. Meth
used most extensively are the second order Møller–Ple
~MP2! perturbation47 and various DFT models.48,49The most
popular Becke3–Lee–Yang–Parr~B3LYP!50,51and Becke3–
Perdew86~B3P!50,52 DFT methods perform in general sim
larly to MP2.53 Studies of lanthanide trihalides using mo
sophisticated levels of theory, like coupled-cluster w
single double triple excitations~CCSD~T!!, have not been
reported hitherto.

Unfortunately, an overall assessment of the theoret
methods for metal halides~including lanthanide compounds!
has been hampered by the lack of accurate experimental
and the relatively scarce experience accumulated on the c
putation of such molecules. The large variety of theoreti
levels led to various computations on individual or a sm
set of compounds, lacking in this way consistency and m
mizing the chance to evaluate systematic errors. Never
less, from the available results it is clear that the quality
the computed data on metal halides does not reach the
ally excellent performance on common organic molecules
may be partly understood by the huge number of differ
elements the inorganic compounds are built from, wh
each element, or group of elements, has its own uni
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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bonding peculiarities. The computation of heavy compoun
seems to suffer in a larger extent from the approximation
the basis sets and the treatment of electron correlation
relativistic effects.

3. Geometry

In this section we assess the available experimental
theoretical data on the molecular geometry of LnX3 com-
pounds. Unlike previous related studies, we focus here on
r e experimental data comparing them with computed (r e)
geometries. As pointed out by Hargittai,54 a comparison ofr g

experimental parameters with computed (r e) ones suffers
from the difference in their physical meaning. A seeming
good agreement was often interpreted for the favor of
computations45,55 although there are several pm differenc
betweenr g andr e bond distances. It applies even more to t
molecular shape because of the significant effects of ther
vibrations on the bond angles.

3.1. Experimental Studies

Most of the available experimental re geometries in Tables
1–4 originate from a recent study of Zasorin.56 He reana-
lyzed early experimental measurements on 13 lanthanide
halides in terms of equilibrium structure parameters us
estimated vibrational force fields. Deficiencies of his wo
are the neglect of a possible dimer content in the gase
phase and the harmonic approximation at the evaluation
the structural~both r g andr e) parameters. Recent ED studie
on LuCl3 ,19 ErBr3 ,20 DyBr3 ,9 CeI3 ,17 and DyI3

9 indicated
3%–20% dimer in the high temperature vapors. Neglect
the dimer content leads to overestimated Ln–X bond d
tances and underestimated X–Ln–X bond angles.9,57 Based
on a large number of studies on metal halides an effec
;1 pm Ln–X bond lengthening upon each percentage
~neglected! dimer content was suggested.9 Recent studies on
LuCl3

19 and ErBr3
20 reported a somewhat smaller effect.

fact, parallel studies on GdCl3 and LuCl3 that took carefully
into account the dimer contribution resulted in shorterr g

bond distances than those of Zasorin~cf. Table 2!. This sug-
gests slightly overestimated Ln–X bond distances and un
estimated X–Ln–X angles by Zasorin.56 On the other hand,
the neglect of anharmonicity of the stretching vibrations a
in the opposite direction9 thus may~partly! compensate for
the neglect of dimer. Because of the lack of sufficient inf
mation the exact impact of anharmonicity on ther g param-
eters is difficult to assess.

A determination of the equilibrium structure of LnX3 com-
pounds fromr g ED results requires the knowledge of th
vibrational force field of the molecules. In past studies, d
to a lack of gas-phase data, this was obtained primarily
the basis of IR/MI or estimated frequencies. Moreover, va
ous approximation procedures for evaluation of the equi
rium bond distance have been suggested.13,14,24The results
obtained by the different methods differ by a few pm fro
each other.18 All these facts imply a larger uncertainty for th
ED geometrical parameters than the experimental er
given in most original studies.
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TABLE 1. Structural parameters@bond distances~pm! and bond angles~deg!# and vibrational frequencies (cm21) of the lanthanide trifluorides

LnF3 Reference Methoda La–X X–La–X

Fundamentals

n1 n2 n3 n4

LaF3 Hargittai54 ED/gas (r a) 213~6!
Wesley and DeKock99 IR/MI ~Ar! 84 478 120

IR/MI ~Kr! 474
IR/MI(N2) 84 457 116

Hastieet al.93 IR/MI ~Ne! 527.9 81 496.6 130
IR/MI ~Ar! 513.0 83 479.0 121.1
IR/MI(N2) 490 94 459 112
IR/gas~estimated! 540~10! 82~10! 510~10! 125~10!

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 215.9 120.0
Adamo and Maldivi72 QC(B3LYP/ECPSf ,ECPSd) 216.1 115.1 527 83 512 131
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 212.4 114.8 521 63 496 113

QC(B3P/ECPSf ,ECPSd) 217.7 115.4 517 83 485 127
QC(BP/ECPSf ,ECPSd) 216.8 112.7

Joubertet al.114 QC(B3LYP/ECPD ,VDZd) 214 110.8 553 88 538 117
Joubertet al.55 QC(MP2/ECPD ,VDZd) 215 112.9 554 72 539 114
Vetereet al.74 QC(PBE/ECPSf ,ECPSd) 215.8 114.0 527 78 516 124

QC(PBE0/ECPSf ,ECPSd) 214.9 115.6 539 65 529 126
QC(PBE0/ECPS,VDZd) 213.3 114.4

Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 217.4 113.9 532 76 522 119
QC(PBE0/ECPD ,VTZd) 216.7 113.5
QC(PBE0/ECPS,ECPSd) 217.7 114.1 531 77 519 131
QC(PBE0/ECPS,VTZd) 217.2 114.5

Kovács77 QC(B3P/ECPD2 f g,VTZ2d f ) 212.9 114.4
QC(B3P/ECPD ,VTZd) 217.1 113.8 526 75 515 120

Solomonik and Marochko82 QC(MP2/ECPS3f ,ECPSd) 212.7 116.5 535 54 512 117
QC(CISD1Q/ECPS3f ,ECPSd) 212.9 117.5 535 46 511 120

CeF3 Wesley and DeKock99 IR/MI ~Ar! 86 483
IR/MI ~Kr! 479
IR/MI(N2) 86 465 116

Hastieet al.93 IR/MI ~Ne! 536.9 78 505.3
IR/MI ~Ar! 521.5 94 488.3 134
IR/MI(N2) 506 82 468 121
IR/gas~estimated! 549~8! 80~15! 519~8! 115~15!

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 214.0 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 214 120.0
Lanza and Fragala115 QC(MP2/ECPS,VDZd) 208.0 112.7

QC(MP2/ECPS,TZ2d) 211.5 117.1
Joubertet al.55 QC(MP2/ECPD ,VDZd) 213 113.7 558 68 544 115

PrF3 Zasorin56 ED/gas (r g) 209.1~3! 102.6~28!
ED/gas (r e) 205.6~5! 105.0~15!

Wesley and DeKock99 IR/MI ~Ar! 542b 86 458b 99
IR/MI ~Kr! 538b 455b

IR/MI(N2) 86 488 118
Lesieckiet al.31 Raman/MI~Ar! 526 458b 99

IR/MI ~Ar! 86 458b 99
Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 212.6 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 212 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 212 114.1 562 65 548 117

NdF3 Wesley and DeKock99 IR/MI ~Ar! 86 502 118
IR/MI ~Kr! 499
IR/MI(N2) 86 482 123

Hastieet al.93 IR/MI ~Ne! 544.9 81 521.4 121
IR/MI ~Ar! 529.7 87 503.7 119
IR/MI(N2) 505 103 483 124
IR/gas~estimated! 557~10! 80~15! 535~10! 115~15!

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 211.1 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 211 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 210 114.6 566 63 553 118
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TABLE 1. Structural parameters@bond distances~pm! and bond angles~deg!# and vibrational frequencies (cm21) of the lanthanide trifluorides—Continued

LnF3 Reference Methoda La–X X–La–X

Fundamentals

n1 n2 n3 n4

PmF3 Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 210.4 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 210 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 209 115.5

SmF3 Wesley and DeKock99 IR/MI ~Ar! 92 508 123
IR/MI ~Kr! 504
IR/MI(N2) 491

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 208.4 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 208 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 208 116.3 571 50 557 119

EuF3 Wesley and DeKock99 IR/MI ~Ar! 94 511 124
IR/MI ~Kr! 507
IR/MI(N2) 502

Hastieet al.93 IR/MI ~Ne! 557.5 89 529.5 133
IR/MI ~Ar! 542.4 94.0 511.7 127
IR/MI(N2) 532 101 504 120
IR/gas~estimated! 572~10! 90~15! 544~10! 120~10!

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 206.9 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 207 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 206 118.3 579 37 571 122

GdF3 Zasorin56 ED/gas (r g) 205.3~3! 108.4~24!
ED/gas (r e) 201.6~6! 109.9~23!

Hastieet al.93 IR/MI ~Ne! 560.2 94 537.3 138
IR/MI ~Ar! 544.7 100 519.2 133
IR/MI(N2) 532 116 500 143
IR/gas~estimated! 583~10! 95~15! 552~10! 130~10!

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 205.6 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 206 120.0
Lanza and Fragala71 QC(CAS-MCSCF/ECPS,VDZd) 204.7 119.9 577 116 568 134

QC(MP2/ECPS,VDZd) 202.0 115.2
QC(MP2/ECPS,TZ2d) 204.8 118.9

Adamo and Maldivi72 QC(B3LYP/ECPS,ECPSd) 205.6 117.7 569 119 553 138
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 203.1 113.9 563 48 549 138

QC(B3P/ECPS,ECPSd) 205.0 117.5 569 117 553 138
QC(BP/ECPS,ECPSd) 204.6 115.6

Joubertet al.114 QC(B3LYP/ECPD ,VDZd) 204 113.6 581 58 564 125
Joubertet al.55 QC(MP2/ECPD ,VDZd) 206 117.8 575 39 564 121
Vetereet al.74 QC(PBE/ECPS,ECPSd) 204.6 114.5 562 67 543 138

QC(PBE0/ECPS,VDZd) 201.5 114.2
Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 205.8 117.0 555 57 537 136

QC(PBE0/ECPD ,VTZd) 205.5 117.4
QC(PBE0/ECPS,ECPSd) 205.6 117.6 577 55 560 139
QC(PBE0/ECPS,VTZd) 205.3 117.7

TbF3 Haugeet al.92 IR/MI ~Ne! 566.7 540.1
IR/MI ~Ar! 551.1 523.1
IR/MI(N2) 509

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 204.3 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 205 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 205 119.1 576 24 566 121

DyF3 Benczeet al.94 IR/MI ~Ar! 554.4 531.6
IR/MI(N2) 540.2 513

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 203.0 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 204 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 204 120.0 578 7 569 122
Kovács77 QC(B3P/ECPD2 f g,VTZ2d f ) 201.8 118.0

QC(B3P/ECPD ,VTZd) 204.6 119.2 552 15 541 135

HoF3 Zasorin56 ED/gas (r g) 200.7~3! 105.8~24!
ED/gas (r e) 197.8~10! 108.2~32!

Haugeet al.92 IR/MI ~Ne! 572.4 94 554.0 122
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TABLE 1. Structural parameters@bond distances~pm! and bond angles~deg!# and vibrational frequencies (cm21) of the lanthanide trifluorides—Continued

LnF3 Reference Methoda La–X X–La–X

Fundamentals

n1 n2 n3 n4

IR/MI ~Ar! 556.7 104 535.6 119
IR/MI(N2) 124 516 143

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 201.7 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 203 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 202 120.0 582 20 572 123

ErF3 Benczeet al.94 IR/MI ~Ar! 560.7 539.4
IR/MI(N2) 546.0 524

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 200.4 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 202 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 201 120.0 585 27 576 124
Lesaret al.116 QC(MP2/ECPD ,VDZ2d) 201.2 120.0 592 22 583 134

TmF3 Benczeet al.94 IR/MI ~Ar! 566.2 544.8
IR/MI(N2) 547 529

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 199.2 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 201 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 200 120.0 589 35 580 124
Lesaret al.116 QC(MP2/ECPD ,VDZ2d) 200.3 120.0 594 31 586 134

YbF3 Haugeet al.92 IR/MI ~Ne! 584.1 100 564.7 144
IR/MI ~Ar! 568.5 546.4
IR/MI(N2) 526

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 197.9 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 200 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 199 120.0 592 39 582 125

LuF3 Haugeet al.92 IR/MI ~Ne! 585.4 101 570.5 150
IR/MI ~Ar! 569.6 112 552.2 144
IR/MI(N2) 121 530 149

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 196.5 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 200 120.0
Lanza and Fragala71 QC(CAS-MCSCF/ECPS,VDZd) 197.3 119.8 596 55 594 135

QC(MP2/ECPS,VDZd) 194.2 117.9 629 42 622 141
QC(MP2/ECPS,TZ2d) 196.2 118.7

Adamo and Maldivi72 QC(B3LYP/ECPS,ECPSd) 199.1 118.9 583 97 569 150
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 196.8 117.8 580 43 571 142

QC(B3P/ECPS,ECPSd) 198.5 118.5 589 60 573 150
QC(BP/ECPS,ECPSd) 200.3 117.3

Joubertet al.114 QC(B3LYP/ECPD ,VDZd) 197 118.4 601 61 589 131
Joubertet al.55 QC(MP2/ECPD ,VDZd) 198 120.0 597 44 588 127
Vetereet al.74 QC(PBE/ECPS,ECPSd) 199.5 118.0 571 70 564 126

QC(PBE0/ECPS,VDZd) 196.4 118.2
Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 197.7 119.3 572 40 553 141

QC(PBE0/ECPD ,VTZd) 197.6 119.7
QC(PBE0/ECPS,ECPSd) 197.9 119.0 595 58 586 149
QC(PBE0/ECPS,VTZd) 198.3 119.0

Solomonik and Marochko90 QC(CISD1Q/ECPSf ,ECPSd) 197.9 120.0 593 43 587 139

aIn the basis set the first item refers to the lanthanide, whereas the second one refers to the halogen atom.
bn3 is probably perturbed from its expected location around 493 cm21 by a resonance interaction with anE8 electronic level resulting in an additional leve
around 540 cm21. The truen1 band is the one at 526 cm21 observed in the Raman/MI~Ar! spectrum~Ref. 31!.
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3.2. Theoretical Studies

Theoretical investigations of LnX3 compounds include
several systematic studies dealing either with the whole
thanide row or with selected representatives. Recent c
puted data obtained at adequate levels of theory are com
in Tables 1–4.~For less sophisticated semiempirical and H
results see Meyerset al.,58 Bender and Davidson,59 Pyykkö
and Lohr,60 Li et al.,61 Lohr and Jia,62 Culbersonet al.,63
n-
-

led

Weberet al.,64 Ruscicet al.,65 Ellis and Goodman,66 DeKock
et al.,67 and DiBella et al.68! They can be used to analyz
trends in the structural and vibrational properties of Ln3

compounds and to assess the performance of the various
oretical levels. While the data in Tables 1–4 reflect the p
formance of the computational methods on a certain Ln3

molecule, the average performance on the Ln–X bond
tances along a LnX3 row can be deduced from Table 5.
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TABLE 2. Structural parameters@bond distances~pm! and bond angles~deg!# and vibrational frequencies (cm21) of the lanthanide trichlorides

LnCl3 Reference Methoda La–X X–La–X

Fundamentals

n1 n2 n3 n4

LaCl3 Zasorin56 ED/gas (r g) 258.9~5! 112.8~17!
ED/gas (r e) 253.8~9! 115.4~20!

Spiridonovet al.24 ED/gas (r e) 256.0~6! 116.5~3!
Girichev et al.89 ED/gas (r g) 258.9~6! 116.7~12!d

Selivanovet al.25 IR/gas 316
Perovet al.26 IR/MI ~Xe! 52 300 74
Kovács and Konings27 IR/gas 59 317

QC(MP2/ECPHWf ,VDZd) 259.7 115.7 321 35 332 70
Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 261.2 120.0
Adamo and Maldivi72 QC(B3LYP/ECPSf ,ECPSd) 263.3 118.6 316b 43 317b 76
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 259.0 116.5 309b 30 320b 65

QC(B3P/ECPSf ,ECPSd) 260.9 118.2 323b 45 331b 80
QC(BP/ECPSf ,ECPSd) 264.1 114.1

Joubertet al.114 QC(B3LYP/ECPD ,VDZd) 265 118.1 294 46 317 68
Joubertet al.55 QC(MP2/ECPD ,VDZd) 266 120.0 289 24 313 60
Vetereet al.74 QC(PBE/ECPSf ,ECPSd) 261.8 117.0 304b 37 324b 75

QC(PBE0/ECPSf ,ECPSd) 260.8 118.1 312b 36 331b 75
QC(PBE0/ECPS,VDZd) 260.5 118.7

Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 262.6 117.1 305b 64 325b 74
QC(PBE0/ECPD ,VTZd) 263.0 117.5
QC(PBE0/ECPS,ECPSd) 263.3 119.0 301b 62 324b 72
QC(PBE0/ECPS,VTZd) 263.0 118.1

Kovács77 QC(B3P/ECPD2 f g,ECPD2d f ) 259.6 118.0
QC(B3P/ECPD ,ECPDd) 261.1 115.3 311 32 326 75

Solomonik and Marochko90 QC(CISD1Q/ECPS3f ,ECPSd) 259.8 120.0 314 6 332 67

CeCl3 Kovács and Konings28 IR/gasc 58 321
QC(MP2/ECPDf ,VDZd) 260.2 118.8 317 20 340 71
QC(MP2/ECPD ,VDZd) 264.4 120 292 26 317 61

Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 262 120.0
Lanza and Fragala115 QC(MP2/ECPS,VDZd) 255.0 118.5

QC(MP2/ECPS,TZ2d) 257.0 120.0
QC(MP2/ECPSg,TZ2d) 255.5 118.1
QC(CCSD/ECPS,VDZd) 255.5 119.7

Joubertet al.55 QC(MP2/ECPD ,VDZd) 264 120.0 291 26 316 61

PrCl3 Zasorin56 ED/gas (r g) 255.4~5! 112.5~15!
ED/gas (r e) 251.0~9! 114.3~20!

Selivanovet al.25 IR/gas 320
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 261 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 262 120.0 294 27 319 62

NdCl3 Selivanovet al.25 IR/gas 324
Wells et al.91 IR/gas 349 177 301 120
Feltrin and Cesaro95 IR/MI ~Ar! 328.3
Kovács and Konings28 IR/gasc 60 327

QC(MP2/ECPD ,VDZd) 260.3 120 298 26 324 63
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 259 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 260 120.0 297 27 322 63

PmCl3 Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 258 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 259 120.0

SmCl3 Kovács and Konings28 IR/gasc 61 331
QC(MP2/ECPD ,VDZd) 257.3 120 302 31 326 66

Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 256 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 257 120.0 301 30 326 66

EuCl3 Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 252.3 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 255 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 255 120.0 313 32 332 70
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TABLE 2. Structural parameters@bond distances~pm! and bond angles~deg!# and vibrational frequencies (cm21) of the lanthanide trichlorides—Continued

LnCl3 Reference Methoda La–X X–La–X

Fundamentals

n1 n2 n3 n4

GdCl3 Zasorin56 ED/gas (r g) 248.8~5! 112.3~12!
ED/gas (r e) 244.5~7! 113.5~21!

Girichevaet al.57 ED/gas (r g) 247.4~5! 117.0~11!d

Selivanovet al.25 IR/gas 326
Perovet al.26 IR/MI ~Xe! 53 318 82
Kovács and Konings28 IR/gasc 64 337

QC(MP2/ECPD ,VDZd) 254.0 120.0 305 35 328 66
Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 251.1 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 253 120.0
Lanza and Fragala71 QC(CAS-MCSCF/ECPS,VDZd) 252.8 120.0 314 45 336 77

QC(MP2/ECPS,VDZd) 246.3 120.0
QC(MP2/ECPS,TZ2d) 248.6 120.0

Adamo and Maldivi72 QC(B3LYP/ECPS,ECPSd) 251.8 119.0 331b 43 333b 77
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 248.1 119.0 322b 32 337b 73

QC(B3P/ECPS,ECPSd) 251.9 120.0 331b 43 333b 77
QC(BP/ECPS,ECPSd) 251.5 120.0

Joubertet al.114 QC(B3LYP/ECPD ,VDZd) 253 118.8 309 43 328 72
Joubertet al.55 QC(MP2/ECPD ,VDZd) 254 120.0 304 35 328 66
Vetereet al.74 QC(PBE/ECPS,ECPSd) 251.0 118.6 313b 42 334b 75

QC(PBE0/ECPS,VDZd) 249.2 119.2
Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 250.4 118.7 318b 36 336b 77

QC(PBE0/ECPD ,VTZd) 250.3 118.8
QC(PBE0/ECPS,ECPSd) 249.8 119.3 318b 32 337b 74
QC(PBE0/ECPS,VTZd) 249.6 119.1

TbCl3 Zasorin56 ED/gas (r g) 247.6~5! 111.2~15!
ED/gas (r e) 243.8~8! 112.9~19!

Girichev et al.89 ED/gas (r g) 247.1~5! 115.5~12!d

Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 252 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 252 120.0 308 36 333 69

DyCl3 Hargittai9 ED/gas (r g) 246.1~8!
Feltrin and Cesaro95 IR/MI ~Ar! 340.2
Groen30 IR/MI ~Xe! 324.2

Raman/MI~Xe! 318
Kovács and Konings28 IR/gasc 65 340

QC(MP2/ECPD ,VDZd) 251.1 120 311 38 335 70
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 251 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 251 120.0 310 38 334 70
Kovács77 QC(B3P/ECPD2 f g,ECPD2d f ) 246.3 119.6

QC(B3P/ECPD ,ECPDd) 247.5 119.2 325 28 343 84

HoCl3 Zasorin56 ED/gas (r g) 246.2~5! 111.7~15!
ED/gas (r e) 242.5~9! 112.6~19!

Loktyushinaet al.97 IR/MI ~Ar! 346e 340
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 250 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 250 120.0 312 39 336 71

ErCl3 Girichevaet al.18 ED/gas (r g) 243.0~5! 112.3~12!
ED/gas (r e) 239.3~5!

Perovet al.26 IR/MI ~Xe! 328
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 248 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 248 120.0 314 41 338 72

TmCl3 Girichevaet al.21 ED/gas (r g) 242.2~6! 116.2~14!d

Feltrin and Cesaro95 IR/MI ~Ar! 346.1
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 247 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 247 120.0 316 42 341 73

YbCl3 Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 243.8 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 247 120.0
Joubertet al.55 QC(MP2/ECPD ,VDZd) 246 120.0 317 43 341 73
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TABLE 2. Structural parameters@bond distances~pm! and bond angles~deg!# and vibrational frequencies (cm21) of the lanthanide trichlorides—Continued

LnCl3 Reference Methoda La–X X–La–X

Fundamentals

n1 n2 n3 n4

LuCl3 Zasorin56 ED/gas (r g) 241.7~6! 111.5~20!
ED/gas (r e) 237.4~10! 114.5~24!

Girichevaet al.19 ED/gas (r g) 240.3~5! 117.9~13!
ED/gas (r a) 236.7~6! 120.0~15!

Perovet al.26 IR/MI ~Xe! 60 331 88
Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 242.8 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 245 120.0
Lanza and Fragala71 QC(CAS-MCSCF/ECPS,VDZd) 245.0 120.0 323 52 349 87

QC(MP2/ECPS,VDZd) 238.4 120.0 342 41 368 78
QC(MP2/ECPS,TZ2d) 239.7 120.0

Adamo and Maldivi72 QC(B3LYP/ECPS,ECPSd) 244.7 120.0 318b 75 341b 78
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 240.0 120.0 331b 25 351b 82

QC(B3P/ECPS,ECPSd) 242.5 120.0 323b 73 340b 77
QC(BP/ECPS,ECPSd) 244.4 120.0

Joubertet al.114 QC(B3LYP/ECPD ,VDZd) 244 119.9 319 8 339 76
Joubertet al.55 QC(MP2/ECPD ,VDZd) 246 120.0 305 60 327 80
Vetereet al.74 QC(PBE/ECPS,ECPSd) 244.3 120.0 314b 17 338b 73

QC(PBE0/ECPS,VDZd) 242.5 120.0
Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 241.9 120.0 326b 16 344b 77

QC(PBE0/ECPD ,VTZd) 241.7 120.0
QC(PBE0/ECPS,ECPSd) 242.9 120.0 323b 25 347b 75
QC(PBE0/ECPS,VTZd) 242.4 120.0

Solomonik and Marochko90 QC(CISD1Q/ECPSf ,ECPSd) 239.7 120.0 355 42 380 83

aIn the basis set the first item refers to the lanthanide whereas the second one to the halogen atom.
bThe assignment in the original papers~Refs. 45, and 72–74! is interchanged.
cRe-interpretation of the gas-phase spectra given by Kova´cs et al. ~Ref. 29!.
dDynamic analyses of the ED results indicate planar equilibrium geometries~Refs. 57 and 89!.
eErroneous assignment by Loktyushinaet al. ~Ref. 97! of a side-band nearn3 .
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All the lanthanide trihalides have been investigated
Cundari et al. at the MCSCF/ECPS,ECPSd level,69 except
LaX3 . The complete LnF3 and LnCl3 row has been studied
by Joubert et al. using the MP2/ECPD ,VDZd method.55

Dolg et al. investigated the variation of the Ln–X bon
lengths within the LnF3 row and in selected representativ
of the other halides at the configuration interaction w
single and double excitations (CISD1Q)/ECPDf ,ECPDd
level.70 It should be noted, that the latter computations use
D3h symmetry constraint for all the molecules which w
justified by the very small difference in the energy~below
0.01 eV! and bond distances~below 1 pm! found between
the planar and pyramidal structures. Additional system
calculations using complete active space~CAS!-
multiconfiguration self-consistent field~MCSCF!, MP2, and
DFT methods have been carried out for the LaX3 , GdX3,
and LuX3 series.45,71–74The advantage of these molecules
that the f 0, f 7, and f 14 electronic configurations of La31,
Gd31 and Lu31, respectively, lead to anL50 state prevent-
ing first-order spin–orbit couplings.~The free-ion states ar
believed to approximate properly the electronic structure
LnX3 .) Furthermore,J50 in the case of lanthanum and lu
tetium excluding second-order spin–orbit effects, wher
for gadolinium the second-order couplings are expected to
weak.75

Two works of methodological importance are noteworth
In a series of studies Adamoet al. investigated the perfor
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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mance of various DFT methods, generally in conjuncti
with moderate basis sets.45,72–74,76The only exception was
the BP-DS/TZ,TZd level,45 consisting of good quality Slater
type basis functions. In their ECP studies the importance
polarization functions was noted.74 On the other hand, thei
assessment of the ECP methods may be influenced by
deficiencies of the moderate basis sets used. For example
reported good performance of the Perdew–Burke–Ernze
hybrid functional (PBE0)/ECPS, valence double-zeta bas
set (VDZd) level74 can be attributed to fortunate cancellatio
of errors, as an extension of the halogen basis leads to
ruption of the results.73

A recent methodological study of Kova´cs on LaCl3 was
devoted to the effect of basis set extension and the dif
ences between the MP2 and two popular~B3LYP and B3P!
DFT methods in conjunction with large basis sets.77 The
standard valence bases of La–ECPD and Cl–ECPD were ex-
tended gradually by polarization functions up to (2f g) and
(2d f ) quality, respectively. In conjunction with DFT, th
highest basis set converged satisfactorily to saturation for
molecular geometry, while the convergence was still insu
cient with the MP2 method. Another deficiency of MP2
these calculations was evident from the variation of the co
puted data, referring to the large sensitivity of this method
the quality of basis set. On the other hand, the basis
superposition errors~BSSE! for the La2Cl6↔2 LaCl3 reac-
tion are considerable even with DFT, indicating a less sa
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TABLE 3. Structural parameters@bond distances~pm! and bond angles~deg!# and vibrational frequencies (cm21) of the lanthanide tribromides

LnBr3 Reference Methoda La–X X–La–X

Fundamentals

n1 n2 n3 n4

LaBr3 Girichevaet al.117 ED/gas (r g) 274.1~5! 115.5~20!
Zasorin56 ED/gas (r g) 274.2~4! 114.3~17!

ED/gas (r e) 269.3~10! 115.0~23!
Kovács and Konings27 IR/gas ca. 30 232

QC(MP2/ECPHWf ,ECPHWd) 275.8 116.8 205 22 248 45
Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 277.0 120.0
Adamo and Maldivi72 QC(B3LYP/ECPSf ,ECPSd) 277.9 118.7 245b 44 258b 80
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 274.0 116.3 196b 26 233b 42

QC(B3P/ECPSf ,ECPSd) 275.4 118.1 208b 46 236b 66
QC(BP/ECPSf ,ECPSd) 277.9 114.6

Vetereet al.74 QC(PBE/ECPSf ,ECPSd) 276.0 115.7 195b 25 234b 44
QC(PBE0/ECPSf ,ECPSd) 275.3 118.2 196b 18 242b 44

Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 277.1 116.3 193b 23 235b 45
QC(PBE0/ECPD ,VTZd) 277.4 119.0
QC(PBE0/ECPS,ECPSd) 276.8 117.3 193b 19 237b 42
QC(PBE0/ECPS,VTZd) 277.3 118.0

Kovács77 QC(B3P/ECPD2 f g,ECPD2d f ) 275.1 118.3
QC(B3P/ECPD ,ECPDd) 276.7 115.4 195 26 234 45

Solomonik and Marochko90 QC(CISD1Q/ECPS3f ,ECPSd) 275.6 120.0 193 13 241 43

CeBr3 Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 277 120.0
Kovács105 QC(MP2/ECPD ,ECPHWd) 279.7 120.0 185 20 237 44

PrBr3 Girichev et al.87 ED/gas (r g) 269.6~6! 114.7~10!c

Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 275 120.0

NdBr3 Zakharovet al.88 ED/gas (r g) 267.5~6! 115.0~12!
ED/gas (r e) 265.9~7! 120

Wells et al.91 IR/gas 220 120 188 80
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 274 120.0

PmBr3 Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 272 120.0

SmBr3 Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 271 120.0

EuBr3 Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 268.0 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 269 120.0

GdBr3 Zasorin56 ED/gas (r g) 264.1~4! 113.7~20!
ED/gas (r e) 259.0~9! 115.2~23!

Loktyushina and Mal’tsev96 IR/MI ~Xe! 255
IR/MI ~Ar! 238

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 266.7 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 268 120.0
Adamo and Maldivi72 QC(B3LYP/ECPS,ECPSd) 266.5 120.0 238 47 238 64
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 263.0 119.8 194b 17 240b 45

QC(B3P/ECPS,ECPSd) 266.2 120.0 238 47 238 64
QC(BP/ECPS,ECPSd) 266.1 120.0

Vetereet al.74 QC(PBE/ECPS,ECPSd) 265.6 120.0 192b 13 239b 45
Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 265.2 120.0 195b 10 241b 46

QC(PBE0/ECPD ,VTZd) 265.4 120.0
QC(PBE0/ECPS,ECPSd) 264.4 120.0 197b 19 244b 46
QC(PBE0/ECPS,VTZd) 264.3 120.0

TbBr3 Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 267 120.0

DyBr3 Hargittai9 ED/gas (r g) 260.9~8!
Feltrin and Cesaro95 IR/MI ~Ar! 243.1
Groen30 IR/gas 44 243

IR/MI ~Kr! 237.2
IR/MI ~Xe! 229.4
Raman/MI~Kr! 210 237
Raman/MI~Xe! 202 227 47

Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 265 120.0
Kovács105 QC(MP2/ECPD ,ECPHWd) 266.8 120.0 195 32 243 48
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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TABLE 3. Structural parameters@bond distances~pm! and bond angles~deg!# and vibrational frequencies (cm21) of the lanthanide tribromides—Continued

LnCl3 Reference Methoda La–X X–La–X

Fundamentals

n1 n2 n3 n4

Kovács77 QC(B3P/ECPD2 f g,ECPD2d f ) 261.9 120.0
QC(B3P/ECPD ,ECPDd) 262.8 120.0 197 9 242 48

HoBr3 Girichev et al.87 ED/gas (r g) 259.5~6! 115.3~11!c

Loktyushinaet al.97 IR/MI ~Ar! 245d 241.5
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 264 120.0

ErBr3 Zakharovet al.20 ED/gas (r g) 258.2~6! 116.0~14!
ED/gas (r e) 256.1~9! 120~2!

Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 263 120.0

TmBr3 Feltrin and Cesaro95 IR/MI ~Ar! 249.9
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 262 120.0

YbBr3 Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 259.4 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 261 120.0

LuBr3 Zasorin56 ED/gas (r g) 255.7~4! 115.0~11!
ED/gas (r e) 251.6~8! 117.2~17!

Loktyushina and Mal’tsev96 IR/MI ~Xe! 231
IR/MI ~Ar! 245

Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 258.4 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 260 120.0
Adamo and Maldivi72 QC(B3LYP/ECPS,ECPSd) 259.0 120.0 198b 32 242b 51
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 254.6 120.0 201b 20 248b 51

QC(B3P/ECPS,ECPSd) 255.2 120.0 198b 36 252b 53
QC(BP/ECPS,ECPSd) 257.7 120.0

Vetereet al.74 QC(PBE/ECPS,ECPSd) 258.6 120.0 196b 28 242b 49
Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 256.6 120.0 201b 25 245b 49

QC(PBE0/ECPD ,VTZd) 256.7 120.0
QC(PBE0/ECPS,ECPSd) 257.2 120.0 201b 31 247b 50
QC(PBE0/ECPS,VTZd) 257.2 120.0

Solomonik and Marochko90 QC(CISD1Q/ECPSf ,ECPSd) 255.5 120.0 214 35 263 55

aIn the basis set the first item refers to the lanthanide, whereas the second one refers to the halogen atom.
bThe assignment in the original papers~Refs. 45 and 72–74! is interchanged.
cDynamic analyses of the ED results indicate planar equilibrium geometries~Refs. 87 and 88!.
dErroneous assignment by Loktyushinaet al. ~Ref. 97! of a side-band nearn3 .
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energetics. Compared to the experimental geometry,
study showed the better performance of B3P and MP2 o
B3LYP in conjunction with the above basis set. In gene
DFT predicted a somewhat larger pyramidal character t
MP2. A decreasing pyramidal character was found with
creasing basis set size.

3.3. Assessment of the Ln–X Bond Distances

Recommended values for the equilibrium Ln–X bo
lengths are given in Table 5. They are principally based
the comprehensiver e data set of Zasorin.56 It should be kept
in mind, however, that in spite of the~partly! compensating
dimer and anharmonicity effects these data might be affe
by a small systematic error. The least affected by the er
are the fluorides, where both the dimer content78,79 and the
anharmonicity of the stretching vibrations73 are probably
negligible. In the view of the approximations used in t
evaluation of the bond lengths we suggest an uncertaint
at least 2 pm for the values in Table 5.
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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Trends in the experimental and selected theoretical Ln
bond distances are shown in Fig. 1. The main observat
can be summarized as follows:

~i! Both the experimental and computed data demonst
a ~near! linear decreasing character of the Ln–X distanc
along the lanthanide row, in good agreement with the w
known ‘‘lanthanide contraction.’’ This trend was already o
served earlier and has been used to estimate yet unmea
bond lengths.56,80,81The random distribution around the lin
is essentially within experimental errors and non-system
errors~due to the different basis set for each element! of the
computations. It should be noted that some deviations fr
linearity ~best seen in the LnCl3 series! may indicate a mar-
ginal exponential character of the decrease. For a defi
conclusion, however, systematic studies with more soph
cated calculations would be required.

~ii ! The computations systematically overestimate
equilibrium Ln–X bond distance, the magnitude depend
on the type of halide. The average deviation of the individ
theoretical levels is given in Table 6. Inspecting Table 6,
poor agreement of the estimates by Myers and Graves7 is
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TABLE 4. Structural parameters@bond distances~pm! and bond angles~deg!# and vibrational frequencies (cm21) of the lanthanide triiodides

LnI3 Reference Methoda La–X X–La–X

Fundamentals

n1 n2 n3 n4

LaI3 Hargittai54 ED/gas (r a) 286~3!
Kovács and Konings27 IR/gas 25 191

QC(MP2/ECPHWf ,ECPHWd) 296.8 116.0 150 19 201 33
Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 301.6 120.0
Adamo and Maldivi72 QC(B3LYP/ECPSf ,ECPSd) 297.3 117.9 135b 32 190b 18
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 298.3 119.4 132b 21 183b 28

QC(B3P/ECPSf ,ECPSd) 296.9 117.8 136b 26 177b 30
QC(BP/ECPSf ,ECPSd) 299.3 114.4

Vetereet al.74 QC(PBE/ECPSf ,ECPSd) 297.5 115.4 144b 21 193b 32
QC(PBE0/ECPSf ,ECPSd) 296.9 118.4 142b 13 199b 31

Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 298.9 117.1 139b 16 192b 32
QC(PBE0/ECPS,ECPSd) 298.1 117.0 141b 16 196b 30

Kovács77 QC(B3P/ECPD2 f g,ECPD2d f ) 297.1 118.2
QC(B3P/ECPD ,ECPDd) 298.9 115.9 142 20 192 32

Solomonik and Marochko90 QC(CISD1Q/ECPS3f ,ECPSd) 298.1 120.0 139 14 199 32

CeI3 Molnár et al.17 ED/gas (r g) 2.948~9!
IR/gas 25c 191~10!

Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 300 120.0
Kovács105 QC(MP2/ECPD ,ECPHWd) 300.9 120.0 132 18 194 31

PrI3 Zasorin56 ED/gas (r g) 290.1~4! 113.4~13!
ED/gas (r e) 285.4~7! 113.7~19!

Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 298 120.0

NdI3 Zasorin56 ED/gas (r g) 287.9~4! 113.8~11!
ED/gas (r e) 283.5~8! 113.9~16!

Ezhovet al.118 ED/gas (r g) 287.3~4! 118.6~11!
ED/gas (r e) 286.6~5! 118~2!

Wells et al.91 IR/gas 195 98 141 72
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 297 120.0

PmI3 Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 295 120.0

SmI3 Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 293 120.0

EuI3 Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 291.7 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 292 120.0

GdI3 Zasorin56 ED/gas (r g) 284.0~4! 115.4~13!
ED/gas (r e) 279.4~7! 115.5~16!

Loktyushina and Mal’tsev96 IR/MI ~Xe! 183.5
Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 290.3 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 291 120.0
Adamo and Maldivi72 QC(B3LYP/ECPS,ECPSd) 288.4 120.0 138b 31 194b 35
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 286.8 120.0 126b 19 184b 28

QC(B3P/ECPS,ECPSd) 288.7 120.0 140b 30 193b 37
QC(BP/ECPS,ECPSd) 289.3 120.0

Vetereet al.74 QC(PBE/ECPS,ECPSd) 287.3 120.0 138b 15 195b 33
Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 287.0 120.0 139b 13 196b 33

QC(PBE0/ECPS,ECPSd) 286.1 120.0 141b 19 200b 33

TbI3 Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 289 120.0

DyI3 Feltrin and Cesaro95 IR/MI ~Ar! 189.5
Groen30 IR/gas 32 195

IR/MI ~Xe! 159 185
Raman/MI~Xe! 157 184

Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 288 120.0
Kovács105 QC(MP2/ECPD ,ECPHWd) 287.8 120.0 140 27 198 35
Kovács77 QC(B3P/ECPD2 f g,ECPD2d f ) 283.5 120.0

QC(B3P/ECPD ,ECPDd) 284.9 120.0 140 13 196 34
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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TABLE 4. Structural parameters@bond distances~pm! and bond angles in~deg!# and vibrational frequencies (cm21) of the lanthanide triiodides—Continued

LnI3 Reference Methoda La–X X–La–X

Fundamentals

n1 n2 n3 n4

HoI3 Loktyushina and Mal’tsev96 IR/MI ~Xe! 185
IR/MI ~Ar! 196.5

Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 287 120.0

ErI3 Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 286 120.0

TmI3 Feltrin and Cesaro95 IR/MI ~Ar! 198.9
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 285 120.0

YbI3 Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 282.9 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 283 120.0

LuI3 Zasorin56 ED/gas (r g) 276.8~3! 115.6~6!
ED/gas (r e) 273.5~6! 116.6~10!

Loktyushina and Mal’tsev96 IR/MI ~Ar! 198
Dolg et al.70 QC(CISD1Q/ECPDf ,ECPDd) 281.9 120.0
Cundariet al.69 QC(MCSCF/ECPS,ECPSd) 283 120.0
Adamo and Maldivi72 QC(B3LYP/ECPS,ECPSd) 280.9 120.0 140b 29 195b 37
Adamo and Maldivi45 QC(BP-DS/TZ,TZd) 279.1 120.0 130b 28 184b 34

QC(B3P/ECPS,ECPSd) 279.7 120.0 145b 29 195b 37
QC(BP/ECPS,ECPSd) 280.7 120.0

Vetereet al.74 QC(PBE/ECPS,ECPSd) 280.4 120.0 140b 26 195b 36
Adamo and Barone73 QC(PBE0/ECPD ,ECPDd) 278.5 120.0 142b 23 196b 35

QC(PBE0/ECPS,ECPSd) 279.0 120.0 144b 29 200b 37
Solomonik and Marochko90 QC(CISD1Q/ECPSf ,ECPSd) 277.2 120.0 152 32 211 40

aIn the basis set the first item refers to the lanthanide, whereas the second one to the halogen atom.
bThe assignment in the original papers~Refs. 45 and 72–74! is interchanged.
cBand not assigned by Molna´r et al. ~Ref. 17!.
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also obvious. It is not surprising, because these were b
on a few early ED results and empirical consideratio
Among the extensively applied computational methods
best performance was achieved at the BP–Dirac–Sl
~DS!/triple-zeta basis set~TZ!, TZd level.45 Its error is 3–4
pm for the fluorides, chlorides, and bromides, where
;8 pm for the iodides. In fact, the BP-DS/TZ,TZd values
agree very well with ther g experimental data of the firs
three halides. On the other hand, the larger error of the c

TABLE 5. Recommended Ln–X equilibrium bond distances~pm!a

Ln LnF3 LnCl3 LnBr3 LnI3

La 207.7 253.4 268.9 286.7
Ce 206.8 252.2 267.6 285.7
Pr 205.8 251.1 266.4 284.8
Nd 204.9 249.9 265.2 283.8
Pm 203.9 248.8 263.9 282.9
Sm 202.9 247.6 262.7 281.9
Eu 202.0 246.5 261.5 280.9
Gd 201.0 245.3 260.3 280.0
Tb 200.1 244.2 259.0 279.0
Dy 199.1 243.0 257.8 278.1
Ho 198.1 241.9 256.6 277.1
Er 197.2 240.7 255.3 276.1
Tm 196.2 239.6 254.1 275.2
Yb 195.3 238.4 252.9 274.2
Lu 194.3 237.3 251.6 273.3

aEstimated uncertainty62 pm. The values are based on trends obtained
a joint analysis of experimental and theoretical data.
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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putations for the iodides is consistently shown by all t
theoretical levels. Among the other DFT metho
B3P/ECPS,ECPSd has been selected for Fig. 1 to show the
worst performance.

~iii ! The magnitude of the computational error is not co
sistent along the lanthanide row. Generally, the deviat
from experiment is the largest in the case of the LaX3 mol-
ecules, and decreases gradually towards the LuX3 ones. The
steepest slope can be observed for the iodides.

The B3P/ECPD2 f g,ECPD2d f ,77 MP2/ECPS3 f ,ECPSd,
and CISD1Q/ECPS3 f ,ECPSd

82 computational levels have
been used only for a few LnX3 compounds, yet these dat
suggest a performance comparable to BP-DS/TZ,TZd, cf.
Tables 1–4. They reflect the previously outlined importan
of the extended Gaussian valence basis sets of the pre
ECPs. In a recent study of CeCl3 , PrCl3 , NdCl3 , and DyCl3
by Kapalaet al.83 a modified ECPD for the lanthanide atoms
was used in conjunction with MP2 and B3LYP theorie
However, their modification of the ECPD has no theoretica
justification, hence the achieved excellent performance
be attributed to accidental cancellation of errors only.

3.4. Assessment of the X–Ln–X Bond Angles

While the available data could facilitate a satisfactory p
diction of equilibrium Ln–X bond distances for the who
series, the experimental and theoretical X–Ln–X angles
more ambiguous. As a result of the shrinkage effect, the

y
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FIG. 1. Experimental and selected computed bond distances of LnX3 compounds. The (r g1) data represent the consistent data set of Zasorin, whereas ther g2)
ones represent those from other authors.

TABLE 6. Average deviations~pm! from the recommended equilibrium Ln–X bond distances

Methoda LnF3 LnCl3 LnBr3 LnI3

r g obtained by Zasorin56 3.4 4.2 4.4 4.2
r g obtained by other authorsb 3.4 3.0
MCSCF/ECPS,ECPSd

69 5.4 8.4 8.1 11.0
MP2/ECPD ,ECPDd55 4.8 9.1
MP2/ECPD ,VDZd28 9.8
CISD1Q/ECPDf ,ECDd70 4.9 6.3 7.0 11.1
BP-DS/TZ,TZd45 3.1 3.7 3.6 8.1
B3P/ECPS,ECPSd

45 6.1 6.5 5.4 8.4
B3LYP/ECPS,ECPSd

72 5.9 8.0 7.6 9.9
B3LYP/ECPD ,VDZd114 4.0 8.7
BP/ECPS,ECPSd

45 6.2 7.9 7.0 9.8
PBE/ECPS,ECPSd

74 5.6 7.0 6.5 8.4
PBE0/ECPS,VDZd74 2.7 5.4
PBE0/ECPD ,ECPDd73 6.0 6.3 6.1 8.1
PBE0/ECPD ,VTZd73 5.6 6.7 6.3
PBE0/ECPS,ECPSd

73 6.1 6.5 5.9 7.7
PBE0/ECPS,VTZd73 5.9 5.5 6.0
Estimations by Myers and Graves7 10.5 5.7 3.9 8.9

aIn the statistics those methods were considered which have been applied at least for three compounds of an
LnX3 (X5F, Cl, Br, or I! row.

bSee Tables 2 and 3.
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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392392 A. KOVÁ CS AND R. J. M. KONINGS
fective bond angles obtained from ED studies are sma
than the real equilibrium values. A proper account for shrin
age would require the exact knowledge of the bending vib
tions, which for low frequencies are difficult to obtain bo
experimentally and theoretically. In the vibrational spectra
LnX3 compounds~especially when X5Br, I!, these bands
appear near the lower detection limit of the spectrome
and possess a broad and complex band contour. In MI s
troscopy the matrix shift is a non-negligible factor. Pred
tion of these low-frequency vibrations by quantum chemi
computations suffers from the ambiguous potential ene
surface around the minimum and the harmonic approxim
tion used in the frequency calculations~vide infra!. This un-
certainty of the computed bending frequencies is shown
the large diversity of the data in Tables 1–4. In addition,
knowledge of the bending potential function would be ve
important to model the populated higher vibrational sta
accurately.

The shrinkage effect has been carefully analyzed in rec
studies on CeI3 ,17 GdCl3 , TmCl3 , LuCl3 ,57 and ErBr3

20

suggesting a planar~or quasiplanar! equilibrium structure for
these molecules. A reanalysis of earlier electron diffract
measurements on LaCl3 assuming only monomer in the ga
eous phase resulted in a pyramidal equilibrium geome
with four lowest doubly degenerated vibrational levels
cated inside both wells of the inversion potential.24

Ambiguity in the bond angles is coupled with that of th
shape of LnX3 molecules. An overview of previous contro
versial results is given by Molna´r and Hargittai.84 The ambi-
guity could not be solved by quantum chemical calculatio
either. Even recent theoretical studies at more adequate
els showed an extreme sensitivity of the computed shap
LnX3 compounds on the theoretical level used. Dynam
electron correlation andf functions on the lanthanide atom
seem to be important for X–Ln–X angles smaller th
120°.77

While the exact magnitudes of the bond angles are
dubious, the main trends in the shape of LnX3 molecules
could be established. Most of the results agree in an:~i!
increasing bond angle from F to I and~ii ! increasing bond
angle from La to Lu. This behavior originates from the d
creasing polarizability of Ln along the row85 and the weaker
polarization abilities of the heavier halogens. Polarizat
leads to a distortion of the electron density distributi
around the metal resulting in pyramidal geometries, which
counterbalanced by increasing ligand repulsions in
heavier species favoring a planar arrangement in the la
structures.86 A secondary effect beside the above main tren
have been suggested recently by Molna´r and Hargittai.84

Their model assumes a slight impact of the 4f density tail on
the molecular geometry and on the basis of the asphericit
the 4f electron shell predicts some deviations from t
gradually decreasing pyramidal trend along the lanthan
row. Because of its probable small magnitude, this second
effect may be best observed in the~most polarized! LnF3

compounds.
Studies of the inversion barrier in pyramidal LnX3 com-
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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pounds resulted in values below 1 kJ•mol21 for the chlo-
rides, bromides and iodides.27,73,74 In agreement with the
computed smaller bond angles~vide supra! DFT methods
predicted somewhat higher barriers~up to 3.2 kJ•mol21 in
LaF3)73 thanab initio calculations.68,70Nevertheless, the low
barriers of the heavier species can be close or below
ground state level of the inversion vibration, referring to
effectively planar~in spectroscopic terms quasiplanar! mo-
lecular geometry. An accurate prediction of the potential
ergy surface of LnX3 compounds would require highly so
phisticated calculations with complete electron correlat
treatment and saturated basis set.

Our recommendations for the equilibrium bond angles
LnX3 compounds~compiled in Table 7! are derived from the
available experimental and theoretical information. On
basis of the relatively small experimental and compu
bond angles of the trifluorides and of then1 bands found in
the IR/MI spectra, probably all the LnF3 compounds are py-
ramidal. Because of the rough account for the shrinkage
fect by Zasorin,56 bond angles somewhat larger than his e
perimental ones are suggested here. The absence of thn1

bands in the IR spectra, the ED results on PrBr3 ,87 NdBr3 ,88

and CeI3
17 and the computed very small inversion barrie

for LnCl3 , LnBr3 , and LnI3
27 imply a quasiplanar characte

for the trichlorides, tribromides, and triiodides of the lig
lanthanides. We note the very close bond angles of LaC3,
LaBr3 , and LaI3 ,27,77 indicating a similar shape of the thre
halides ~cf. Tables 2–4!. On the basis of recen
experimental17,18,20,57,89and theoretical results,45,73,77,90 the
trichlorides, tribromides, and triiodides of the heavier la
thanides should be planar.

4. Vibrational Frequencies

4.1. Experimental Data

The normal modes of LnX3 molecules are represented b

GC3v
52A112E

and

TABLE 7. Recommended X–Ln–X equilibrium bond angles~deg!a

Ln LnF3 LnCl3 LnBr3 LnI3

La 109.0 118.0 118.0 118.5
Ce 109.5 118.5 118.5 119.0
Pr 110.0 119.0 119.0 119.5
Nd 110.5 119.5 119.5 120.0
Pm 111.0 120.0 120.0 120.0
Sm 111.5 120.0 120.0 120.0
Eu 112.0 120.0 120.0 120.0
Gd 112.5 120.0 120.0 120.0
Tb 113.0 120.0 120.0 120.0
Dy 113.5 120.0 120.0 120.0
Ho 114.0 120.0 120.0 120.0
Er 114.5 120.0 120.0 120.0
Tm 115.0 120.0 120.0 120.0
Yb 115.5 120.0 120.0 120.0
Lu 116.0 120.0 120.0 120.0

aEstimated uncertainty:64° for LnF3 ; 62° for the other halides.
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GD3h
5A181A2912E8

for pyramidal and planar structures, respectively. Accord
to the selection rules, theA1 /A29 and the degenerateE/E8
modes can appear in both the IR and Raman spectra, whe
the symmetric stretch,n1 (A18), of planar structures is for
bidden in the IR. Moreover, the computations indicate v
low IR intensity forn1 in pyramidal, and for the asymmetri
bendn4 (E/E8) in both structures.27,28,77

Experimental data on the molecular vibrations of la
thanide trihalides are limited and rather discordant. Ea
gas-phase IR data on the asymmetric stretching fundame
are available for LaCl3 , PrCl3 , NdCl3 , and GdCl3 .25 Re-
cently, new gas-phase FT-IR measurements have been
formed on several trichlorides and on the LaX3 and DyX3

(X5Cl,Br,I) molecules.27,28,30 In these new measuremen
two of the four fundamentals, the asymmetric stretching,n3

(E/E8), and symmetric bending,n2 (A1 /A29), have been de-
tected. The new FT-IRn3 frequencies are in good agreeme
with the previous results for LaCl3 and NdCl3 ,25 while there
is a deviation of 11 cm21 for GdCl3 . On the other hand, the
interpretation of early gas-phase IR measurements of W
et al. on NdX3 (X5Cl,Br,I) compounds91 were obviously in
error, because their spectra disagree with both those of S
vanovet al.25 and Kovács et al.28

In addition to the above gas-phase IR studies numer
IR/MI26,67,92–97and a few Raman/MI measurements30,31have
been made on LnX3 compounds. Because of the extreme
high evaporation temperatures of the LnF3 species their vi-
brational data could be obtained only under matrix-isola
conditions.67,92,93

4.2. Theoretical Data

The vibrational frequencies have been computed in m
theoretical studies discussed in the previous section. The
vantage of computations is that they can give all the f
fundamentals of LnX3 molecules. However, in contrast to th
case of ther e molecular geometries, the experimental a
reported theoretical frequencies have a different phys
meaning. Computation of vibrational frequencies in the ro
tine way is based on the harmonic approximation, wher
the molecular vibrations are anharmonic. The anharmoni
may alter the harmonic frequencies up to 10– 20 cm21 in
such molecules. This calls for caution in the interpretation
an eventual good match of experimental and computed
quencies: it does not necessarily indicate a good performa
of the computation, but could be a fortunate cancellation
errors of the theoretical level used. Nevertheless, beside
scarce experimental information the computed data can
very useful in the evaluation of trends for most vibrations

We must recall here the link between the computed m
lecular geometry and vibrations. Errors in the computed
ometry are reflected in the potential energy surface, thu
the computed vibrational frequencies as well. An overestim
tion of the bond distance means underestimated b
strength, hence underestimated frequencies. In certain c
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this error can compensate well for the neglect of anharm
nicity in the computations. Considerable uncertainty ori
nates from the errors in the computed bond angles and
in the bending potential curves. The inversion (n2) mode
calls for special attention. In the case of pyramidal structu
with a small barrier inside of the double-minimum potent
curve the computation of this mode using the harmo
model is completely irrelevant. In the above way this fr
quency is obtained by fitting a quadratic function~parabola!
to the bottom part of the potential curve, whereas the vib
tional levels are determined by the whole double-minimu
potential. The harmonic approximation can only be appl
satisfactorily for planar or pyramidal structures with hig
inversion barriers.

The complete set of experimental and computed vib
tional frequencies is compiled in Tables 1–4. The expe
mental and selected computed results are depicted in F
2–5. We note the interchanged assignment ofn1 andn3 for
the LnCl3 , LnBr3 , and LnI3 series in Refs. 45, and 72–7
following erroneously the estimated frequencies of Mye
and Graves.7 Based on the reported computed IR intensit
by Adamo and Barone73 a corrected assignments is given
our tables and figures. rms deviations of the computed
quencies from the gas-phase values averaged over the
thanide row are compiled in Table 8.

4.3. Fundamental Frequencies
of LnCl 3 Compounds

The largest number of experimental gas-phase data
been reported for the LnCl3 compounds. Additionally, these
compounds have been a popular target for both MI spec
scopic and theoretical studies, hence they are the best s
to assess the matrix effects and the performance of the c
putations. Therefore we discuss first the LnCl3 results and
the data of the other halides will be analyzed in subsequ
subsections, taking into account the observations made
the LnCl3 series.

Figure 2 demonstrates a general linearly increasing tr
of the four fundamental frequencies along the lanthan
row. Both trends originate from the ‘‘lanthanide contra
tion’’: a decrease of the bond length along the lanthanide r
~cf. Fig. 1! is consistent with stronger bonds, hence larg
stretching force constants. At the same time, the for
against bending become also larger with the halogens ge
closer to each other. The small scattering around the exp
mental trendlines may be partly ascribed to the ambiguity
locating the band origin in the broad and complex gas-ph
bands and to accidental matrix shifts. Some computed res
deviate from the gradually increasing trend: these are
B3P/ECPS,ECPSd frequencies forn1 , n2 , and n4 , the
BP-DS/TZ,TZd frequencies for n2 , and the salient
MP2/ECPD ,VDZd results for EuCl3 and LuCl3 . The devia-
tions forn2 are the clear consequence of the ambiguity of
computed inversion potential curve and the deficiency of
harmonic model for these floppy molecules~vide supra!.
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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FIG. 2. Experimental and selected computed vibrational frequencies of LnCl3 compounds.
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Noteworthy is the very bad performance of th
B3P/ECPS,ECPSd level, predicting erroneous slopes or sc
tering frequencies along the lanthanide row in many ca
~see also the other halides!. That such large random error
can appear even at adequate levels, suggests that ca
must be taken interpreting results from computations us
an untested theoretical level.

Due to the~conveniently! high frequency and large IR
intensity of then3 mode, the experimental information
most extensive for this fundamental. Table 2 and Fig. 2
veal a nearly perfect agreement between the gas-phasn3

frequencies and those obtained in the Ar matrix. The shif
the Xe matrix is217 cm21.

A considerable number of gas-phase IR frequencies is
available for then2 fundamentals. They are extended by
few IR/MI~Xe! data with a matrix shift of27 cm21. Due to
the small values of these frequencies the slope of
trendlines is near horizontal. This means that then2 frequen-
cies can accurately be predicted along the lanthanide
even on the basis of a single experimental value. The in
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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equacy of computations for this fundamental~cf. Fig. 2!
make the experimental information crucial.

For the n1 fundamentals of LnCl3 compounds only a
single reliable experimental value, that from the Ram
MI ~Xe! measurement of DyCl3 ,30 is available. Although the
gas-phase IR spectra of some LnCl3 compounds were firs
interpreted in terms of overlappingn1 andn3 bands,29 sub-
sequent reinvestigations confirmed the complex band st
ture of n3 and rejected an unambiguous assignment of
close-lying~and weak or not IR active! n1 mode.27,28

Because of their very small IR activity also then4 funda-
mentals are difficult to determine in the gas-pha
spectra.27,28 In fact, this fundamental has been detected o
in the IR/MI~Xe! measurements on LaCl3 , GdCl3 , and
LuCl3 .26

The linear trend along the lanthanide row found for t
fundamentals facilitates the estimation of the missing vib
tional frequencies of LnCl3 compounds. Based on the com
piled results we can make more accurate predictions t
suggested previously.7,98 The data in Table 9 have bee
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FIG. 3. Experimental and selected computed vibrational frequencies of LnF3 compounds.
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evaluated using the following considerations:

~1! n1 : Estimation of the ‘‘gas-phase’’ frequencies w
based on the single experimental Raman/MI~Xe! value
of DyCl3 assuming a similar matrix shift of217 cm21

found for n3 , and a slope lower by;20% than that of
n3 ~as found in the LnF3 MI/IR data,vide infra!. On that
basis the assignment of then1 of HoCl3 ~and similarly
that of HoBr3 , vide infra! to a side-band ofn3 in the
IR/MI ~Ar! spectrum by Loktyushinaet al.97 is not justi-
fied.

~2! n2 : The frequencies of species for which no measu
ments have been made have been estimated solely o
basis of the available gas-phase experimental data.

~3! n3 : Based on the excellent agreement between the
phase and MI~Ar! frequencies the relationship for est
mation of the unmeasuredn3 values was evaluated from
the merged data set.

~4! n4 : The ‘‘gas-phase’’ frequencies were estimated on
basis of the MI~Xe! data assuming a similar matrix shi
of 27 cm21 like found for n2 .
-
the

s-

e

An assessment of the computational methods~Table 8!
reveals the superiority of the BP-DS/TZ,TZd45 level for es-
timation of the vibrational frequencies of LnCl3 compounds
parallel to that found for the bond distances~vide supra!. It
gave an excellent agreement for then3 fundamentals, and the
closest~although somewhat underestimated! values forn1

andn4 . The agreement of the MP2/ECPD ,ECPDd level was
found to be somewhat worse. Except forn2 , both methods
show systematic errors for the molecular vibrations. In pr
tical sense this means that they can be more easily corre
than most DFT calculations, that gave scattering values
several cases. An additional noteworthy feature is that
error of the calculations, even at the best levels, is not c
sistent for the two stretching frequenciesn1 and n3 . The
reason may lie in the different anharmonicity and coupli
patterns of the two vibrations. The excellent performance
the calculations of Kapalaet al.83 for CeCl3 , PrCl3 , NdCl3 ,
and DyCl3 is due again to the accidental cancellation of
rors using the modified ECPD ~vide supra!.
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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FIG. 4. Experimental and selected computed vibrational frequencies of LnBr3 compounds.
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4.4. Fundamental Frequencies of LnF 3 Compounds

Due to the extremely high evaporation temperatures
quired for the fluorides, gas-phase vibrational spectra h
not been reported for LnF3 compounds. Hastieet al.92,93 and
Wesley and DeKock99 performed IR/MI studies of LaF3 ,
CeF3 , PrF3 , NdF3 , SmF3, EuF3 , GdF3 , TbF3 , HoF3 ,
YbF3 , and LuF3 using Ne, Ar, Kr, and N2 matrices. The
results on LaF3 , CeF3 , NdF3 , and EuF3 from the two
sources show a good agreement~cf. Table 1!. In most cases
all the four fundamentals could be identified in the spec
The assignment of the symmetric stretching (n1) bands in
the IR/MI spectra92 ~questioned by Wesley and DeKock99!
was confirmed by a Raman/MI~Ar! measurement of PrF3 by
Lesieckiet al.31 Recently, IR/MI experiments have been pe
formed on DyF3 , ErF3 , and TmF3 by Benczeet al.94 report-
ing the stretching frequencies obtained in Ar and N2 matri-
ces.

The ‘‘gas-phase’’ frequencies (ng) of some LnF3 species
have been estimated by Hastieet al.93 The stretching fre-
quencies have been evaluated using Eq.~1!,100 where nNe
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
-
ve

.

andnAr are the frequencies measured in the Ne and Ar m
trix, respectively. For the ‘‘gas-phase’’ bending frequenc
the mean of the two MI values was suggested.

ng'nNe1~0.860.4!~nNe2nAr!. ~1!

The experimental vibrational data of LnF3 compounds de-
picted in Fig. 3 indicate a linear trend with a marginal ra
dom scattering for the two stretching fundamentals. In agr
ment with the stronger matrix effects of N2 , the deviations
are somewhat larger in these data series. A linearly incre
ing trend along the lanthanide row can be observed for
bending frequencies as well. Their larger scattering aro
the trendline can be understood by the floppy nature of th
molecules, which enables a deformation of the bond ang
~consequently the bending potential function! already upon
weak matrix forces.

The theoretical data show similar characteristics to th
discussed at the LnCl3 compounds. The peculiar variation o
the MP2/ECPD ,ECPDd n2 frequencies deserves a spec
note, because it demonstrates clearly the deficiency of
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FIG. 5. Experimental and selected computed vibrational frequencies of LnI3 compounds.
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harmonic model in calculation of the inversion frequenc
for double-minimum systems with a small inversion barri
The MP2 computed bond angles increase from LaF3 till 120°
in the planar DyF3 accompanied by a parallel decrease of
computed barrier. Accordingly, the flatness of the poten
curve around the sub-minimum increase towards Dy3 .
Hence, the harmonic model potential fitted to the subm
mum results in gradually decreasing frequencies. In the c
puted planar structures from DyF3 to LuF3 the above error is
not present anymore, because the inversion potential star
resemble more and more to a quadratic~parabola! curve. In
this range the computed frequencies return to the experim
tal trend.

Our estimated ‘‘gas-phase’’ frequencies are compiled
Table 10. They are primarily based on the MI data tak
into account the following considerations:

~i! n1 , n3 : To our opinion, the ‘‘gas-phase’’ stretchin
frequencies by Hastieet al. are somewhat overestimated.
general validity of Eq.~1!100 can be questioned on the bas
of the extensive collection of vibrational data on vario
metal halides in Ref. 9 and the observed excellent agreem
between the gas-phase and MI~Ar! frequencies of the LnCl3

compounds~vide supra!. Our recommended ‘‘gas-phase
stretching frequencies are supported by the BP-DS/TZ,Td
s
.

e
l

i-
-

to

n-

n
g

nt

computations: the overestimation of the Ln–F bond by t
level is similar to that of the Ln–Cl bonds~cf. Table 6!, thus
a similar systematic error for the LnF3 and LnCl3 stretching
frequencies can also be expected. This condition fits to
MI ~Ne! experimental data, serving thus as basis for our e
mated ‘‘gas-phase’’ stretching frequencies in Table 10.

n2 , n4 : In agreement with Hastieet al.,93 we suggest the
mean of the MI~Ne! and MI~Ar! values for the ‘‘gas-phase’
frequencies of LnF3 bending fundamentals.

4.5. Fundamental Frequencies of LnBr 3
and LnI 3 Compounds

As demonstrated in Tables 3,4 and Figs. 4,5, there are
scarce experimental and even computational data for Ln3

and LnI3 compounds. The experimental data include the g
phase IR measurements of LaBr3 , DyBr3 , LaI3 , CeI3 , and
DyI3 reportingn2 andn3 .17,27,30The large uncertainty of the
experimentaln2 frequency is due to the fact that this fund
mental appears near the lower limit of the IR detecto
hence its band shape could not be accurately analyzed.
ditionally, a few IR/MI and Raman/MI data are available f
the stretching fundamentals of the Dy, Ho, Tm and
trihalides.30,95–97The very good agreement between the g
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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TABLE 8. rms deviations of the computed frequencies from the recommended ‘‘gas-phase’’ values (cm21)

Methoda n1 n2 n3 n4

LnF3 Myers and Graves7 (1)12.6 (1)4.8 (1)14.6 (2)7.3
MP2/ECPD ,ECPDd55 (1)15.2 (2)49.5 (1)27.8 (2)14.4
BP-DS/TZ,TZd45 (2)8.0 (2)43.7 7.9 (2)6.7
B3P/ECPS,ECPSd

45 10.0 29.0 13.3 3.5
B3LYP/ECPS,ECPSd

72 6.6 16.5 11.8 (1)5.3
B3LYP/ECPD ,VDZd114 (1)18.8 31.3 (1)28.8 (2)11.2
PBE/ECPS,ECPSd

74 10.3 (2)23.7 10.6 12.0
PBE0/ECPD ,ECPDd73 9.7 41.4 16.3 4.1
PBE0/ECPS,ECPSd

73 (1)10.6 (2)33.4 (1)19.3 (1)5.3
LnCl3 Myers and Graves7 9.3 (2)7.4 (2)11.5 (2)4.8

MP2/ECPD ,ECPDd55 (2)26.5 (2)27.8 (2)6.2 (2)19.9
BP-DS/TZ,TZd45 (2)10.7 (2)35.0 (1)1.8 (2)14.7
B3P/ECPS,ECPSd

45 12.8 14.2 10.1 (2)12.2
B3LYP/ECPS,ECPSd

72 15.3 15.0 (2)6.1 (2)12.0
B3LYP/ECPD ,VDZd114 (2)23.9 (2)37.6 (2)8.2 (2)16.2
PBE/ECPS,ECPSd

74 (2)22.0 (2)34.5 8.5 (2)15.2
PBE0/ECPD ,ECPDd73 (2)15.1 34.5 6.0 (2)12.8
PBE0/ECPS,ECPSd

73 (2)17.5 31.2 4.5 (2)15.0
LnBr3 Myers and Graves7 (1)53.8 (1)6.1 (1)16.9 (1)6.3

BP-DS/TZ,TZd45 (2)17.5 (2)18.1 (2)0.9 (2)14.0
B3P/ECPS,ECPSd

45 19.2 8.5 3.2 8.5
B3LYP/ECPS,ECPSd

72 29.1 8.8 15.6 15.5
PBE/ECPS,ECPSd

74 (2)20.4 (2)17.4 4.3 (2)14.0
PBE0/ECPD ,ECPDd73 (2)17.9 (2)20.0 2.9 (2)13.4
PBE0/ECPS,ECPSd

73 (2)17.2 (2)15.7 3.7 (2)14.0
LnI3 Myers and Graves7 (1)22.8 (1)2.5 (2)13.3 (1)4.1

BP-DS/TZ,TZd45 (2)36.6 (2)6.7 (2)11.4 (2)12.5
B3P/ECPS,ECPSd

45 (2)25.4 (2)1.2 (2)8.2 (2)8.0
B3LYP/ECPS,ECPSd

72 (2)28.0 (1)3.2 (2)2.2 (2)14.2
PBE/ECPS,ECPSd

74 (2)25.4 (2)8.9 2.5 (2)8.7
PBE0/ECPD ,ECPDd73 (2)25.7 (2)11.8 1.9 (2)9.1
PBE0/ECPS,ECPSd

73 (2)23.7 (2)8.5 (1)4.4 (2)9.1

aIn the statistics those methods were considered, which have been applied at least for three compounds of an LnX3 (X5F, Cl, Br, or I! row. Consistent over-
and underestimations are indicated by~1! and ~2!, respectively.
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TABLE 9. Experimental~italics! and recommended ‘‘gas-phase’’ frequenci
(cm21) of LnCl3 compoundsa

Ln n1(A1) n2(A1) n3(E) n4(E)

La 318 59b 317b 84
Ce 320 58c 321c 85
Pr 322 60 320d 86
Nd 324 60c 327c 87
Pm 326 61 328 88
Sm 327 61c 331c 89
Eu 329 63 332 90
Gd 331 64c 337c 91
Tb 333 64 337 92
Dy 335 65c 340c 93
Ho 337 66 342 94
Er 339 66 344 95
Tm 341 67 347 96
Yb 343 68 349 97
Lu 345 69 351 98

aEstimated error for both the experimental and estimated data is610 cm21.
bMeasured by Kova´cs and Konings.27

cMeasured by Kova´cs and Konings.28

dMeasured by Selivanovet al.25
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
phase and MI~Ar! frequencies found for then3 fundamental
of the LnCl3 series can also be observed in the case of
LnBr3 and LnI3 compounds. Likewise, the compute
BP-DS/TZ,TZd n3 frequencies agree well with gas-pha
experimental data for the bromides, whereas they are un
estimated by;10 cm21 in the case of the iodides. The latte
error is in agreement with the considerably overestima
Ln–I bond distances by that theoretical level, as compare
LnCl3 and LnBr3 ~cf. Fig. 1!.

The estimatedn2 and n3 ‘‘gas-phase’’ frequencies of the
LnBr3 and LnI3 halides given in Tables 11 and 12, respe
tively, were evaluated on the basis of the gas-phase
MI ~Ar! values. The single MI~Xe! and MI~Kr! experimental
data of DyBr3 and the MI~Xe! ones of DyI3 were used to
estimate the ‘‘gas-phase’’n1 frequencies of the whole series
assuming a similar matrix-shift as observed forn3 . We note
the erroneous assignment of then1 of HoBr3 to a higher
frequency side band atn3 in the IR/MI~Ar! spectrum by
Loktyushinaet al.97

The estimatedn4 frequencies have no experimental su
port. Based on the observations in the LnF3 and LnCl3 series,
the slope of the gradual increase along the lanthanide
was estimated on a gradually decreasing basis from F
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399399STRUCTURE AND VIBRATIONS OF LANTHANIDE TRIHALIDES
~for the same fundamental!, from n3 to n1 , and fromn4 to
n2 ~for an LnX3 compound!.

5. Structural and Vibrational Properties
of the Ln 2X6 Dimers

The formation of Ln2Cl6 dimers in the vapors of LaCl3 ,
EuCl3 and LuCl3 has been indicated early by Hastieet al.101

Dimer formation of lanthanide trihalides in the gaseo
phase has been confirmed in numerous subsequent stu
The amount of dimers was mostly estimated by the rela
peak intensities in the MS spectrum,15,16,78,79,102–104and in a
few cases by joint ED/MS analysis.18–21 The available re-
sults are in agreement with a few percent of dimer in
vapors of the lighter lanthanide trichlorides, tribromides a
triiodides, which can increase up to;20% in the heavier

TABLE 10. Recommended ‘‘gas-phase’’ frequencies (cm21) of LnF3

compoundsa

Ln n1(A1) n2(A1) n3(E) n4(E)

La 532 79 501 123
Ce 536 81 506 125
Pr 540 83 511 127
Nd 544 85 516 128
Pm 548 86 521 130
Sm 552 88 526 132
Eu 556 90 531 133
Gd 560 91 536 135
Tb 564 93 541 137
Dy 568 95 546 138
Ho 572 96 551 140
Er 576 98 556 142
Tm 580 100 561 143
Yb 584 101 566 145
Lu 588 103 572 147

aEstimated uncertainty610 cm21.

TABLE 11. Experimental~italics! and recommended ‘‘gas-phase’’ freque
cies (cm21) of LnBr3 compoundsa

Ln n1(A1) n2(A1 /A2) n3(E) n4(E)

La 207 30b 232b 57
Ce 208 36 233 57
Pr 209 36 234 58
Nd 210 37 236 58
Pm 211 37 237 59
Sm 212 37 238 59
Eu 213 38 239 60
Gd 214 38 241 60
Tb 215 39 242 61
Dy 216 44c 243c 61
Ho 217 39 244 62
Er 218 40 245 62
Tm 219 40 247 63
Yb 220 41 248 63
Lu 221 41 249 64

aEstimated error for the experimentaln3 values is65 cm21, while for the
experimentaln2 and estimated frequencies610 cm21.

bMeasured by Kova´cs and Konings.27

cMeasured by Groen.30
s
ies.
e

e
d

lanthanide analogues.9,104 The increased stability of the
dimers of heavier lanthanides is supported by the compu
dissociation energies.77 For the fluorides experimental dat
are available only for La2F6 and Ce2F6 .78,79 They show a
negligible (1022%) amount of dimers in the vapor. Thi
small amount is seemingly in conflict with the comput
highest dissociation energies for the fluoride dimers with
spect to the chloride, bromide and iodide ones.77 However,
the computations referred to 0 K and did not include the
entropy contribution, which is extremely important at hig
temperatures. Both the larger masses and smaller vibrati
frequencies of the heavier halides lead to a higher entr
value.

A few dimer structures~Fig. 6! have been reported in
ED9,17–20 and theoretical studies~Table 13!.77,83,105In most
ED investigations some parameters were assumed to
equal with those of the monomers whereas others w
treated independently in the refinements.17–20 However, the
small relative abundance of the dimers in the vapor and
strong correlation between the monomer and dimer struct
parameters claim for aid from quantum chemical calculatio
in order to obtain reliable data.9 High-level theoretical calcu-

FIG. 6. The structure of Ln2X6 dimers.

TABLE 12. Experimental~italics! and recommended ‘‘gas-phase’’ frequen
cies (cm21) of LnI3 compoundsa

Ln n1(A1) n2(A1 /A2) n3(E) n4(E)

La 162 25b 191b 40
Ce 163 27 191c 41
Pr 163 28 192 41
Nd 164 28 192 41
Pm 164 28 193 42
Sm 165 28 194 42
Eu 165 28 194 42
Gd 166 29 195 42
Tb 166 29 195 43
Dy 167 32d 195d 43
Ho 167 29 196 43
Er 168 29 197 44
Tm 168 30 198 44
Yb 168 30 198 44
Lu 169 30 199 45

aEstimated error for the experimentaln3 values is65 cm21, while for the
experimentaln2 and estimated frequencies610 cm21.

bMeasured by Kova´cs and Konings.27

cMeasured by Molna´r et al.17

dMeasured by Groen.30
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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FIG. 7. Comparison of the IR and Raman spectra of LaF3 and DyI3 ~dotted lines! with those of their dimers~solid lines! from B3P/ECPDf ,ECPDd
computations.

TABLE 13. Experimental and computed geometrical parameters of Ln2X6 dimers

Reference Ln2X6

Geometrya

r r r t a r1 a r2 a t

Kovács77 La2F6
b 236.2 212.6 70.6 109.4 116.7

Kovács77 Dy2F6
b 221.9 200.8 73.0 107.0 117.2

Kovács77 La2Cl6
b 281.4 258.4 80.6 99.4 117.0

Hargittai9 Dy2Cl6
d 268.0~10! 244.9~10! 84.1~34!

Kovács77 Dy2Cl6
b 266.4 245.2 83.6 96.4 116.7

Girichevaet al.18 Er2Cl6
d 265~4! 244.4~5! 84~10! 117~5!

Girichevaet al.19 Lu2Cl6
e 258.9~24! 236.6~5! 84~2! 119~7!

Kovács77 La2Br6
b 297.1 273.9 83.7 96.3 115.0

Kovács105 Ce2Br6
f 301.3 278.1 83.9 96.1 117.0

Hargittai9 Dy2Br6
d 281.1~9! 259.4~8! 91.7~17!

Kovács77 Dy2Br6
b 282.0 260.4 87.0 93.0 115.7

Zakharovet al.20 Er2Br6
d 275.8~20! 258.8~6! 81~7! 116~7!

Kovács77 La2I6
b 318.8 296.1 87.6 92.4 114.5

Molnár et al.17 Ce2I6
d 320.7~23.8! 294.8~9!

Kovács105 Ce2I6
f 322.0 299.3 88.5 91.5 116.7

Kovács77 Dy2I6
b 303.6 282.4 90.8 89.2 115.3

ar r , a r1 , anda r2 indicate the geometrical parameters of the ring, whiler t anda t the terminal ones of the dimer~cf Fig. 6!.
bComputed at the B3P/ECPD2 f g,VTZ2d f(Ln2F6), and B3P/ECPD2 f g,ECPD2d f ~other dimers! level.
cComputed at the B3LYP/ECPDf ,VDZd level.
dr g parameters from gas-phase ED.
er a parameters from gas-phase ED.
fComputed at the MP2/ECPD ,ECPHWd level.
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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TABLE 14. Comparison of experimental and computed IR frequenciesa ~cm21! of selected Ln2X6 compounds

Ln2X6 Reference Method

Fundamentals

B1u B2u B3u

La2F6 Kovács77 QC(B3P/ECPDf ,VTZd) 302 ~126! 518 ~450! 520 ~143!
71 ~69! 163 ~26! 386 ~420!

41 ~5! 120 ~32!
Hastieet al.93 IR/MI ~Ne! 313 505 520

166 372
IR/MI ~Ar! 304 490 507

364
IR/MI(N2) 299 468 484

370
Dy2Br6 Kovács77 QC(B3P/ECPDf ,ECPDd) 173 ~28! 243 ~104! 220 ~96!

29 ~8! 55 ~1! 154 ~46!
8 (,1) 47 ~2!

Feltrin and Cesaro95 IR/MI ~Ar! 215.7
Dy2I6 Kovács77 QC(B3P/ECPDf ,ECPDd) 144 ~19! 195 ~74! 171 ~85!

23 ~3! 39 (,1) 113 ~17!
5 (,1) 34 ~1!

Feltrin and Cesaro95 IR/MI ~Ar! 171.6

aComputed IR intensities~km/mol! are given in parentheses. There are no experimental data for fundamentals belonging to theAu ~1! and to the only Raman
activeAg ~4!, B1g ~2!, B2g ~2!, andB3g ~1! species.
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lations indicate shorter terminal Ln–X bonds~by ;1 pm)
and longer ring Ln–X bonds~by ;20 pm) in the dimers
with respect to the bond in the monomers.77 The above men-
tioned ED studies17–20 could not reproduce the shorter cha
acter of the terminal bonds whereas recent results from H
gittai reflect properly this feature~cf. Table 13!.9

Except a few and mostly tentative assignments in IR/
spectra experimental information on the molecular vibratio
of the dimers is not available. On the other hand, the
vibrational spectrum has been computed for the La2X6 and
Dy2X6 (X5F to I! series77 and for Ce2Br6 and Ce2I6 .105

Representative computed IR and Raman spectra of sele
LnX3 /Ln2X6 pairs are depicted in Fig. 7. The computatio
confirmed the observed five fundamentals of La2F6 by Hastie
et al.93 as well as the reported single bands of Dy2Br6 and
Dy2I6 by Feltrin and Cesaro.95 Based on the computed fre
quencies and IR intensities we revised the assignment
Hastieet al.93 in Table 14. Keeping in mind the matrix shifts
a good agreement between the experimental and comp
spectra is evident. However, the low frequency compu
fundamentals should be treated with caution, because
may have a similar error as those of the monomers.

Comparison of the data in Table 14 with those of t
monomers~Table 1–4! shows that the computations repr
duce the relative positions of the monomer and dimer
bands very well. This supports that computations are w
suited to predict the differences between the properties
monomers and dimers of such compounds, assumed alr
in the ED studies of Dy2Cl6 and Dy2Br6 utilizing geometri-
cal constraints from computations.9 Lacking sufficient data
we feel that an estimation of the geometrical and vibratio
parameters for the whole Ln2X6 series is not justified at this
moment.
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6. Conclusions

In the present paper a critical review of experimental a
theoretical data on the structure and molecular vibrations
lanthanide trihalides has been presented. The recent re
from experimental and computational studies, which are
improved quality, confirmed previously suggested trends
the molecular properties of the title compounds and fac
tated the estimation of the unmeasured values in the se
On the basis of the collected data a comparative analysi
the experimental and computational results has been
formed. From present standard computational techniques
BP–DS/TZ,TZd method, incorporated in the Amsterda
Density Functional package, gave the best performance
LnX3 compounds implying the superiority of Slater type b
sis functions and the direct treatment of relativistic effec
For the levels using ECPs the importance of the exten
valence basis set should be emphasized.

On the basis of the joint experimental and theoretical
formation we evaluated a set of equilibrium geometrical p
rameters~Tables 5 and 7! of the title molecules. We empha
size, however, that they should be considered together
the given errors. In the view of the approximations used
the electron diffraction technique the uncertainty is at leas
pm for the bond distances and 4° (LnF3) or 2° ~other ha-
lides! for the bond angles. Recommended values for the f
damental frequencies of the title compounds have been c
piled in Tables 9–12. Because they are based on gas-pha
MI ~corrected for matrix shift! experiments they are undoub
edly superior over the empirical ones of Myers and Grav7

which are generally used as reference up to now. With
present recommended data set an old request of lantha
physical chemistry for reliable structural and vibration
J. Phys. Chem. Ref. Data, Vol. 33, No. 1, 2004
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properties is satisfied. As a first application, they have b
used in the~re!-evaluation of the enthalpies of formation o
gaseous lanthanide trihalides.106

From the assessment of the available structural and vi
tional data we can conclude that still considerable efforts
needed in order to determine the molecular properties of
title compounds with an accuracy comparable to those
organic molecules of similar size. This requires the extens
of experimental studies on a larger scale of compound
careful analysis of the possible errors and the effects of
proximations in the experimental methods as well as rou
application of advanced auxiliary techniques for interpre
tion of the experimental information. For the latter a cruc
role can be foreseen for the theoretical methods provi
their performance will be improved considerably.

Nevertheless, our comparative analysis showed alre
several advantages of the computations. Taking into acc
their systematic errors, the Ln–X bond distances can be
dicted with sufficient accuracy. The same systematic er
appear in the computation of the dimers facilitating the
termination of their structures, in which the experimen
methods alone are less superior due to the small dimer f
tion in the vapor. The connection of the errors between
geometry and molecular vibrations can be used as secon
information in structural and vibrational studies. On the oth
hand, considerable improvement is still required in the co
putation of bond angles and bending vibrations. Toda
revolutionary hardware development opens the way for
phisticated theoretical levels, which can describe the flo
systems of most LnX3 molecules more accurately tha
present routine methods.
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8. Appendix: Abbreviations and Symbols

BP Becke–Perdew86 exchange-correlation
functional52,111

B3LYP Becke3–Lee–Yang–Parr exchange-
correlation functional50,51

B3P Becke3–Perdew86 exchange-correlation
functional50,52

CAS-MCSCF complete active space multiconfiguration S
method107

CCSD~T! coupled cluster with all single and double
excitations including additionally triple
excitations noniteratively110

CISD1Q configuration interaction with all single an
double excitations including correction fo
size-consistency errors109

DFT density functional theory
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F

DS relativistic Dirac–Slater calculation
d, f , g polarization functions
ECPD quasirelativistic effective core potential of

Dolg et al.35,36

ECPHW relativistic effective core potential of Hay an
Wadt43

ECPS relativistic effective core potential of Steven
et al.37,42

ED electron diffraction
IR infrared spectroscopy
MCSCF multiconfiguration SCF method108

MI matrix isolation
MP2 second order Møller-Plesset perturbation
PBE Perdew–Burke–Ernzerhof functional112,113

PBE0 HF/Perdew–Burke–Ernzerhof hybrid
functional76

QC quantum chemical computation theory47

Raman Raman spectroscopy
r e equilibrium bond distance
r g thermal average distance corresponding to

temperature of the ED experiment
r a distance between average nuclear positions

a given temperature
TZ triple-zeta basis set
VDZ valence double-zeta basis set
VTZ valence triple-zeta basis set
n1 symmetric stretch
n2 symmetric bend~inversion!
n3 asymmetric stretch
n4 asymmetric bend
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